Summary: For many years it was thought that lactic acid traverses plasma membranes by diffusion, however, it has been shown in recent years that lactic acid and other monocarboxylates are transported through these membranes together with H + by monocarboxylate transporters (MCT5). Of these transporters, rat skeletal muscle has been found to contain MCT1 and MCT4. It is thought that MCT1 transports lactic acid into the skeletal muscle from outside the skeletal muscle cells, while MCT4 is involved in the extrusion of lactic acid out of the muscle cells. It has been reported that the concentration of MCT1 within the skeletal muscle is highest in muscle fibers with superior oxidative glycolytic capacity, whereas MCT4 concentrations are highest in fibers with greater anaerobic glycolytic capacity. However, the relation between MCT1 and MCT4 localization and muscle fiber type has not been clarified from a morphological viewpoint. The present study applied morphological methods to examine the relation between fiber type and localization of MCT1 and MCT4 in Wistar rat skeletal muscle. After the animals were perfusion-fixed in 4% paraformaldehyde, the extensor digitorum longus muscle (EDL) and the soleus muscle (SOL) were dissected out and MCT1 and MCT4 localization were immunohistochemically determined in serial sections. In addition, adjacent sections were immunohistochemically stained with parvalbumin to identify muscle fiber types. Results showed clearly that MCT1 was present on the plasma membranes of all type I fibers, whereas MCT4 was localized on the plasma membranes of all type Ilb fibers. Both MCT1 and MCT4 were found on nearly all intermediate type Ila fibers. The authors consider that these relationships between muscle fiber type and MCT1 or MCT4 localization reflect the differences in glycolytic metabolism that have been reported between the different muscle fiber types.
Summary: For many years it was thought that lactic acid traverses plasma membranes by diffusion, however, it has been shown in recent years that lactic acid and other monocarboxylates are transported through these membranes together with H + by monocarboxylate transporters (MCT5). Of these transporters, rat skeletal muscle has been found to contain MCT1 and MCT4. It is thought that MCT1 transports lactic acid into the skeletal muscle from outside the skeletal muscle cells, while MCT4 is involved in the extrusion of lactic acid out of the muscle cells. It has been reported that the concentration of MCT1 within the skeletal muscle is highest in muscle fibers with superior oxidative glycolytic capacity, whereas MCT4 concentrations are highest in fibers with greater anaerobic glycolytic capacity. However, the relation between MCT1 and MCT4 localization and muscle fiber type has not been clarified from a morphological viewpoint. The present study applied morphological methods to examine the relation between fiber type and localization of MCT1 and MCT4 in Wistar rat skeletal muscle. After the animals were perfusion-fixed in 4% paraformaldehyde, the extensor digitorum longus muscle (EDL) and the soleus muscle (SOL) were dissected out and MCT1 and MCT4 localization were immunohistochemically determined in serial sections. In addition, adjacent sections were immunohistochemically stained with parvalbumin to identify muscle fiber types. Results showed clearly that MCT1 was present on the plasma membranes of all type I fibers, whereas MCT4 was localized on the plasma membranes of all type Ilb fibers. Both MCT1 and MCT4 were found on nearly all intermediate type Ila fibers. The authors consider that these relationships between muscle fiber type and MCT1 or MCT4 localization reflect the differences in glycolytic metabolism that have been reported between the different muscle fiber types. INTRODUCTION During exercise, that is to say during contraction, skeletal muscles produce lactic acid. It had conventionally been thought that this lactic acid passed through the plasma membrane by free diffusion because of its small molecular weight (90 Da). In recent years, however, it has been found that lactic acid is co-transported through cell membranes together with H + by means of transporters [1] . The first such transporter was discovered in Chinese hamster ovary cells by Garcia et al. [2] in 1994. They were investigating a mevalonic acid transporter involved in cholesterol metabolism when they happened to discover and were able to clone an extremely active pyruvate transporter. Further study, however, revealed that in addition to pyruvate it also had the ability to transport lactic acid, and they were able to determine that it actually functioned to transport substances such as pyruvate and lactate which 
MATERIALS AND METHODS

Materials
The animals used in the present experiment were adult Wistar rats (250-300 g). They were housed at room temperature and maintained on ad libitum rat chow and water in a 12-hour light/12-hour dark cycle and controlled temperature. The frozen samples were cut into 101im sections with a cryostat, incubated in 3% H2O2/PBS for 30 min to remove endogenous peroxide, and then placed in 1%BSA/PBS blocking solution for 1 hr. The primary antibodies, anti-MCT1 IgY and anti-MCT4 IgG, were subsequently incubated in the secondary antibodies, biotinilated anti-chicken IgY, or biotinilated anti-rabbit IgG, respectively. Samples were then incubated in ABC solution (Vector) (1:100), stained by reacting with DAB/H2O2, fixed with O5O4, dehydrated in a graded series of alcohol, and embedded in epoxy resin. After complete polymerization of the resin, samples were detached from the slideglasses and ultra thin sections (70 nm) were prepared and observed without staining by transmission electron microscope (H-7000, Hitachi, Tokyo, Japan).
RESULTS
Western blot
The specificity of the affinity-purified anti-MCT4 antibody was analyzed by Western blot. We produced our own anti-MCT4 polyclonal antibody by injecting rabbits with a polypeptide consisting of a 16 amino acid sequence from the COOH terminal of the MCT4 protein [13] . The amino acid sequence we used in the present experiment was confirmed by Genbank to be specific to MCT4 protein. As shown in Fig. 1 , Western blot analysis using our anti-MCT4 polyclonal antibody detected a protein with a molecular weight of 43 kDa. This agreed with the results Fig. 1 Figure 2 shows the localization of MCT1 and MCT4 in skeletal muscle fibers as observed by confocal laser scanning microscope. The image in Fig.  2a shows MCTI localization in SOL, and Fig. 2b shows MCT4 localization in EDL. These micrographs demonstrate that the MCTI and MCT4 immunoreactivities are uniformly distributed in the plasma membrane. This result was observed in both SOL and EDL, but the intramuscular expressions, as illustrated in Fig. 4 , indicated a mosaic pattern.
TEM observation of MCTI and MCT4
TEM observations of MCT 1 and MCT4 were very consistent with the confocal laser scanning microscopy findings. Figures 3a-3c show the MCTI immunoreactivities observed in the skeletal muscle plasma membrane. The MCT4 reactivity was also uniformly distributed in the skeletal muscle plasma membrane (Fig. 3d) , and reactivity was also observed in vesicular structures near the plasma membrane (Fig. 3e) .
Classification of muscle fiber type PV localization in transverse sections of the skeletal muscle is shown in Fig. 4 . The photo clearly demonstrates that different fibers show different degrees of reactivity. This agrees with previous studies [21] [22] [23] which have reported that PV reactivity is strongest in type IIb fibers, moderate to weak in type Ila, and very weak to absent in type I fibers. We used this same system of classification in the present study.
Comparison between MCT] or MCT4 immunoreactivity and muscle fiber type Figure 5 shows a comparison of the relationship between MCTI and MCT4 immunoreactivity in adjacent sections of EDL or SOL, and fiber type. MCTI reactivity was generally observed on the plasma membrane of type I and type Ila fibers in both EDL and SOL (Fig. 5 a, d ). As summarized in Table  1 , a total of 172 type I fibers were observed in SOL, and MCTI was expressed in all 172 of these fibers. In EDL, 76 type I fibers were observed, and all 76 of these showed positive immunoreactivity. This result indicates that 100% of the type I fibers in both muscles showed positive immunoreactivity for MCTI. Similarly, 3 of 6 type h a fibers in SOL were positive for MCTI, and in EDL, 51 of 51 type IIa fibers showed a positive reaction.
As a result, the immunoreactivity for type ha as a whole was 94.7%. Moreover, in SOL, 3 type IIb fibers were identified, 2 of which were positive for MCTI, and in EDL 177 type Ilb fibers were seen, 150 of which showed positive reactivity. The MCTI-positive rate for type IIb as a whole was 84.4%.
On the other hand, as shown in Fig. 5 b and 5e , in the case of MCT4 the reactivity was higher in type 
DISCUSSION
The contraction of skeletal muscles generates lactic acid, making it a major site of lactic acid production in the body. Formerly it was thought that lactic acid was a metabolic by-product of skeletal muscle contraction, that it served no useful purpose to the skeletal muscles, and that in fact it hampered muscle contraction. In recent years, however, there have been reports suggesting that the lactic acid produced as a metabolic by-product of skeletal muscle contraction may be taken up again by these muscle cells and used as a raw material for ATP production in a glycolytic pathway [17] . This being the case, the transport of lactic acid in the plasma membrane of skeletal muscle represents an important function within such muscle. The present study investigated the localization of the lactate/H+ transporter isoforms MCT 1 and MCT4 in rat skeletal muscles, and examined the relationship between localization of these isoforms and muscle fiber type.
The immunohistochemical findings in the present study by light microscopy and TEM using anti-MCT 1 antibody or anti-MCT4 antibody demonstrated that MCT1 and MCT4 were both expressed uniformly on the plasma membrane of the skeletal muscle fibers, and that MCT4 was also expressed in vesicular structures adjacent to the plasma membranes. This finding indicates that lactic acid is being exchanged in the plasma membrane. Previous studies have reported finding MCT1 in soleus muscle [6] , cardiac muscle [6, 8] , and in mitochondrial membrane. Brooks et al. [6] observed cardiac muscle by electron microscopy using the post embedding method and reported immunohistochemical reactivity was positive for MCT1 in the inner mitochondrial membrane. Because the MCT1 was co-localized with lactate dehydrogenase, it was thought to facilitate the oxidation of lactic acid within the mitochondria, and they considered that this reflected its function as an "i ntracellular lactate shuttle". This result suggested that MCT 1 played a role in the uptake of lactic acid into the sarcoplasm or into mitochondria where it was used as a source of energy.
On the other hand, the present study found that MCT4 was also localized in the plasma membrane. Further, MCT4 was expressed in vesicular structures near the plasma membrane, suggesting that its behaviour differed from that of MCT1. We earlier reported immunohistochemical findings for GLUT4 (glucose transporter 4) in skeletal muscle [24] . It is known that when muscles are inactive GLUT4 is localized inside the muscle cells in trans-Golgi networks (TGN) or the intracytoplasmic tubulovesicular system [24, 25] , that it translocates toward the plasma membrane upon stimulation by insulin or muscular contraction [24] [25] [26] , and that it plays a role in taking up of glucose into the cell. However, the present study did not find either MCT1 or MCT4 in the TGN or in the intracytoplasmic tubulovesicular system within the cell plasma membrane. This may be an indication that, unlike GLUT4, MCT 1 and MCT4 do not translocate from inside the cell to the cytoplasmic membrane under the influence of some sort of stimulus.
Mammalian skeletal muscle generally consists of three different types of muscle fibers. These are classified as type I, which are slow-twitch fibers with superior oxidative glycolytic capacity, type ha, which are fast-twitch fibers with superior oxidative and anaerobic glycolytic capacity, and type fib, which are fast-twitch fibers with superior anaerobic glycolytic capacity [27, 28] . In the present study, we classified the muscle fibers on the basis of immunohistochemical staining with PV. Skeletal muscles contract when troponin C, which is a component of actin filament, binds to Ca+ . It is known that PV functions to transport the Ca+ that is released when the muscle begins to relax. It is expected, therefore, that the concentration of PV within the muscle fibers will affect the speed of contraction and relaxation [22] . Celio and Heizman [23] performed immunohistochemical staining of transverse sections of rat skeletal muscle and reported very strong immunoreactivity to PV in type fib fibers, moderate reactivity in type ila fibers, and almost no reactivity in type I fibers. In the present study, when we compared the relationship between MCT 1 and MCT4 localization and fiber type, MCT1 immunoreactivity was confirmed in the cell plasma membranes of all type I fibers, and MCT4 localization was confirmed in a high percentage of type fib fibers. Moreover, both MCT 1 and MCT4 were detected in the plasma membranes of nearly all type IIa fibers.
A relationship between fiber type and MCT 1 or MCT4 localization had been suggested by previous physiological and biochemical studies, but there had been few immunohistochemical studies. Previous physiological studies [8,13] using rat hindlimb muscle reported that MCT 1 was most abundant in soleus muscle which provided superior oxidative glycolytic capacity. MCT4, on the other hand, was detected in nearly all muscles, and there was little difference in MCT4 concentration among rat hindlimb muscles, extensor digitorum longus, gastrocnemius, soleus, etc. The biochemical studies found that the kinetic activities of MCTI [29] and MCT4 [15] were quite different in Xenopus oocytes, respectively. It has also been reported that there is a high correlation between muscular uptake of lactic acid from the circulation and MCT1 concentration [30] . On the other hand, it has been suggested that MCT4 is involved in extrusion of lactic acid out of the cells [13, 14] , and that MCT4 concentration is highest in type fib and ua fibers, which have superior anaerobic glycolytic capacity [16] . The present study investigated the relationship between MCT 1 or MCT4 expression and fiber type in rat skeletal muscle. We found MCTI in the plasma membrane of the rat skeletal muscle, while MCT4 expression was confirmed in the plasma membrane and in vesicular structures near the plasma membrane. These findings suggested that both transporters were localized in the muscle plasma membranes, and that they were involved in cellular uptake and cellular extrusion of lactic acid, respectively. When we examined the relationship between fiber type and MCT1 or MCT4 expression we found MCT 1 immunoreactivity in all type I fibers, whereas MCT4 expression was highest in type fib. Both MCTI and MCT4 were expressed in type fia fibers. These findings support the idea that the relationship between fiber type and MCT1 or MCT4 expression reflects differences in glycolytic metabolism between fiber types. In other words, the high expression of MCT4 in strong, fast twitch fibers reflects the need for the lactic acid produced by muscle contraction to be actively transported out of the cells. The relatively high expression of MCTI as compared with MCT4 in type I fibers, which must contract on a more continual basis, suggests the need for a relatively high uptake of lactic acid into these cells. We believe that these results suggest that lactate, along with glucose, may be an important fuel source for powering muscle contraction, and suggest that a putative lactate to pyruvate transformation process would be more efficient than the process by which glucose is metabolized to pyruvate, which then enters the TCA cycle.
